Fine-resolution measurements of phytoplankton and physical parameters were made from 31 May to 14 June 2005 in the Ría de Pontevedra (Spain), which is subject to seasonal upwelling. The main objective of this work was to elucidate physical-biological interactions leading to subsurface aggregations of toxin-producing microalgae (Pseudo-nitzschia spp. and Dinophysis spp.). A sequence of upwelling-relaxation-upwelling-downwelling events was recorded with a moored Acoustic Doppler Current Profiler (ADCP). Thin layers (TLs) of Pseudo-nitzschia spp. and other diatoms (up to 30 mg chlorophyll a L 21 ) developed and persisted in the pycnocline above cooler (12.5uC) upwelled water but were vertically displaced and even dispersed during downwelling. The establishment of steep pycnoclines after upwelling pulses and the formation of TLs of Pseudo-nitzschia spp. and other diatoms suggest that pycnoclines may act as retention areas for these populations. Their vertical displacement during downwelling would explain different patterns observed in the contamination of benthic resources and raft-mussels. A decimeter-scale segregation of Pseudo-nitzschia micans and Dinophysis acuminata populations was observed. The population of D. acuminata, present since March 2005 in Ría de Pontevedra, was never found within the pycnocline, did not perform any significant vertical migration, and was not dispersed during upwelling. Instead, it formed patches (up to 8 3 10 3 cell L 21 ) in the warmer (15-18uC) surface (0-4 m) waters associated with a diurnal thermocline, and it spread throughout the ría into a near-surface layer during relaxation and downwelling. These results demonstrate the importance of considering species-specific behavior to predict the location of cell maxima.
to develop coupled physical-biological models for species of interest, it is necessary to have a sound knowledge of the species fine-scale distributions and behavior under a range of environmental conditions. Thin layers (TLs) are structures that exhibit physical, chemical, and/or biological signatures that are different from the water just above and below. Their thickness ranges from a few centimeters to a few meters and can extend horizontally for kilometers and persist for days; planktonic organisms in these layers are substantially more abundant than in the water immediately above or below (Rines et al. 2002; McManus et al. 2003) . Thin layers are usually associated with the main subsurface chlorophyll maximum, but several TLs may occur throughout the water column (Dekshenieks et al. 2001) . Both physical (vertical shear, gradients in turbulence) and biological (swimming and buoyancy control; growth and mortality; physiological adaptations) processes are involved in the formation, maintenance, and dissipation of these structures (Donaghay and Osborn 1997; Genin et al. 2005; McManus et al. 2005) . In the case of species that occur in low numbers, such as most Dinophysis spp., aggregation in TLs or in lowturbulence environments could represent a reproductive strategy by increasing probabilities of mating success, which might play a critical role in the life cycle of such species . Dekshenieks et al. (2001) provided specific criteria to classify an optical structure as a TL on the basis of the relative concentration of the organisms in the layer and its thickness. A thin layer, they argued, must be less than 5 m thick; must be coherent, i.e., the feature must be present in two or more subsequent profiles obtained with the highresolution profiler; and must have an optical signal more than three times higher than the background signal. In this operational definition, the thickness of the layer was chosen to be less than 5 m because this is finer than the scale commonly sampled with oceanographic bottles and nets.
Traditional vertical sampling methods tend to either miss or underestimate local phytoplankton maxima because physical parameters and phytoplankton are not sampled at the same vertical resolution. However, advances in optical and acoustic instrumentation now allow high-resolution observations of the distribution of plankton organisms and their physical environment . Several pennate diatoms and dinoflagellates, including toxic Pseudo-nitzschia and Dinophysis spp., have been reported to form TLs. Pseudo-nitzschia australis, Pseudo-nitzschia pseudodelicatissima, Pseudo-nitzschia fraudulenta, and Pseudo-nitzschia pungens have been observed in TLs in the San Juan Islands (Washington, USA) (Rines et al. 2002) and in Monterey Bay (Ryan et al. 2005; Sullivan et al. 2005) . Dinophysis acuminata, Dinophysis acuta, and Dinophysis norvegica have been found to exhibit very heterogeneous vertical distributions in the Baltic Sea (Carpenter et al. 1995; Kononen et al. 2003 , Setälä et al. 2005 , Swedish fjords (Lindahl et al. 2007) , the Galician rías (Reguera et al. , 2003 , and Thermaikos Bay (Koukaras and Nikolaidis 2004) , and TLs of D. acuminata and D. acuta have been reported in the Bay of Biscay (Gentien et al. 1995) and in northern Portugal (Moita et al. 2006 ), respectively.
Evidence has been presented on the diel vertical migration (DVM) of D. acuminata in the Galician Rías Baixas (Villarino et al. 1995) , but in most cases, studies on vertical distributions of Dinophysis spp. have not been not accompanied by physical measurements with the appropriate spatial-temporal resolution (Maestrini 1998) .
Maximum cell concentrations of different species of Dinophysis spp. have often been related to marked temperature-and salinity-driven density gradients in the water column (Maestrini 1998 , and references therein; Koukaras and Nikolaidis 2004; Moita et al. 2006) , but the key problem is determination of the cause of the increased numbers; are they due to in situ division rate (m), physical accumulation, or a combination of both?
During spring 2005, a 2-week multidisciplinary cruise was conducted in Ría de Pontevedra (Rías Baixas, NW Spain) using advanced instrumentation designed for highresolution sampling of the water column. The main objective of this work was to explore if Pseudo-nitzschia spp. and Dinophysis spp. formed TLs in the Ría de Pontevedra, and if so, how these layers responded to physical forcing during the upwelling season. A thin layer, in this work, is defined as a coherent and conspicuous heterogeneity (peak) in the vertical distribution of one or several species unequivocally identified with high-resolution profilers.
Material and methods
Study area-The Ría de Pontevedra (Fig. 1) was selected as the best location for studies related to Pseudo-nitzschia spp. and Dinophysis spp. based on historical monitoring records of cell abundance and shellfish harvesting closures (Blanco et al. 1998) . Studies were carried out onboard R/V Mytilus from 31 May to 14 June 2005. Ría de Pontevedra, the second largest ría of the Galician Rías Baixas (NW Spain), has a surface area of 141 km 2 , a mean depth of 31 m, and a volume of 3.5 km 3 . This V-shaped ría widens progressively from Tambo islet in the innermost part toward the mouth, where it is connected to the coastal shelf by two entrances. The southern entrance is rather broad (7 km) and deep (60 m), and it provides the main channel for water exchange, whereas the northern entrance is narrower (3.7 km) and shallower (14 m). Two small islets, Ons and Onza, act as protective barriers against the swell of the open sea.
The hydrodynamics of the Ría de Pontevedra are driven mainly by freshwater runoff, water masses on the adjacent shelf, and the wind regime (Prego et al. 2001) . Tidal forcing appears to be a minor factor since wind speeds higher than 4 m s 21 reverse surface currents against the tide. However, tides can be important locally in the innermost part of the Ría (Prego et al. 2001) . The Lérez River (57 km) provides the main freshwater input; its monthly discharge rate ranges from 2 to 80 m 3 s 21 and closely follows rainfall patterns (De Castro et al. 2000) .
Northerly winds promote seasonal upwelling of oceanic waters into the Galician Rías from April to October. Upwelling forces a two-layer, density-induced positive circulation in the ría, characterized by the outflow of surface water and the compensating inflow of upwelled water at the bottom (Á lvarez-Salgado et al. 1993; Á lvarez et al. 2003) . Conversely, southerly winds that prevail in winter force surface coastal waters into the Rías Baixas, and downwelling fronts develop when they meet with inner waters influenced by freshwater runoff. Thus, during downwelling pulses, seaward outflow takes place in the bottom layer within the outer circulation cell, while the inner cell maintains a seaward circulation forced by runoff (Prego et al. 2001) . Within each ría, wind-induced circulation patterns are highly influenced by local orographic effects at their entrance (De Castro et al. 2000) .
Information on phytoplankton concentrations and environmental data for the area was obtained from weekly reports of the Galician Monitoring Centre (INTECMAR, www.intecmar.org).
Meteorology and hydrology-Locations where current measurements and meteorological data were collected are shown in Fig. 1 . Wind and rainfall data were obtained from the Spanish Institute of Meteorology (INM, www. inm.es). Hourly mean values of wind speed and direction were estimated from data collected at the Cabo Silleiro buoy (Seawatch, Oceanor) ( Fig. 1) (Fig. 1) . Reported current velocities are based on 2-min averages (bin size: 1 m) from raw ADCP data processed using the WinADCP software (RD Instruments). Scripts from the FATHOM Matlab toolbox for Multivariate Ecological and Oceanographic Data Analysis were used for vector manipulation and plotting.
Nutrients-An autoanalyzer (SAN System Plus, Skalar) was used for colorimetric determination of total ammonia nitrogen (TAN; NH 4 + NH z 3 ) (Grasshoff et al. 1983 , adapted to seawater) and NO { 2 (Bendschneider and Robinson 1952) . NO and silicate concentrations were determined following Grasshoff et al. (1983) . Silicate samples were kept refrigerated and in the dark until analysis to prevent silicon polymerization during storage. Nutrient analysis protocols are subject to regular intercalibration exercises within the Institut français de recherche pour l9explotation de la mer (IFREMER) laboratories.
The IFREMER particle-size analyzer profiler (IPSAP)-Measurements in the water column were carried out with the high-resolution IFREMER particle-size analyzer profiler (IPSAP), which includes a SBE25 conductivitytemperature-depth (CTD) probe (Sea-Bird Electronics), a fluorescence sensor (Seapoint Sensors), and a particle-size analyzer (CILAS). The IPSAP profiler provides a synchronized set of data in real time, which is used for sampling guidance.
Based on diffraction pattern analysis, the particle-size analyzer (PSA) measures the total volume of particles present in an 8-mL free-flow cell and their size distribution over 30 size classes from 0.7 to 400 mm equivalent spherical diameter (Gentien et al. 1995) . This method enables the quantification of phytoplankton populations, organic and inorganic particles, and organic matter aggregates. The PSA is connected to the SBE25 probe to allow real-time data acquisition of standard parameters, such as depth, temperature, salinity, chlorophyll-like in vivo fluorescence, and photosynthetically active radiation (PAR). The CTD fluorometer was calibrated with laboratory cultures of the diatom Chaetoceros gracile using the trichromatic method for chlorophyll determination according to Aminot and Kerouel (2004) .
The profiler was equipped with a homemade video system, developed by Lunven et al. (2003) , that allows in situ observation and quantification of suspended particles, which are collected and isolated in a capture-stilling chamber. This system was used to detect chain-forming diatoms (e.g., Pseudo-nitzschia) aggregated in thin layers.
At each station, the IPSAP profiler was lowered at a speed of 0.3 m s 21 , allowing an accurate assessment of the hydrological characteristics of the water column and the detection of water layers with distinct characteristics. During the up-cast, finer-scale measurements were carried out within these layers, and the instrument was stopped to collect samples from depths where structures of interest (fluorescence and particle-load maxima, pycnocline, and other density discontinuities) were detected. A 40-mmdiameter hose was attached to the profiler, close to the sensors, to allow an accurate sampling of specific layers. The use of a peristaltic pump, with a flow rate of 30 L min 21 , through a wide-bore pipe ensured minimum damage to delicate organisms. Microscopic observations onboard showed that this sampling method, which allows collection of living cells from their precise in situ locations, does not injure cellular structures.
The IFREMER Fine-Scale Sampler-The IFREMER Fine-Scale Sampler (FSS) ) was deployed to study the fine-scale vertical distribution of plankton species in relation to physical properties. This system consists of a ladder-like structure on which 15 2-liter oceanographic bottles were mounted horizontally, 20 cm apart between the central axes of two consecutive bottles. A SBE19 plus CTD probe (Sea-Bird Electronics) with a fluorescence sensor (Seapoint Sensors) integrated into the system allow optimal positioning in the water column.
The FSS was gently lowered to the target depth, chosen from the IPSAP profile readings, and towed horizontally for a few meters so that undisturbed water was sampled. Its design, featuring a large fin, slow forward speed (0.5 knot 5 0.93 km h 21 ), and smooth flow inside the bottles, produced minimal disturbance of the water layers. The 15 bottles were closed simultaneously by means of an electromagnetic trigger. On retrieval of the FSS, the water from each bottle was well mixed, and subsamples for phytoplankton counts and other analyses were collected.
During the survey, the FSS was deployed twice at sta. 3 ( Fig. 2) in the Ría to describe the fine decimeter-scale distribution of Dinophysis and accompanying species. Water samples were examined as described in the following section.
Phytoplankton sampling-Sampling locations for nutrients and phytoplankton are shown in Fig. 2 . To obtain qualitative information on phytoplankton distribution, vertical hauls with plankton nets (20-mm mesh) and sizefractioned (20-70 mm) live samples, concentrated through a set of superimposed screens with different mesh sizes, were collected with the peristaltic pump at selected depths and immediately examined onboard under a ZEISS Axiovert microscope at 3100 and 3400 magnification. For quantitative information, two kinds of samples were collected from discrete depths with the peristaltic pump: (1) unconcentrated seawater samples, to analyze the whole phytoplankton community, and (2) 1-liter seawater samples concentrated through 20-mm filters to a final volume of 50 mL. Different kinds of preservatives-Lugol's iodine acidic solution, buffered formaldehyde (4%), and glutaraldehyde (1%), each suitable for the different microscopy techniques used-were used in subsamples of each sample.
Lugol-fixed samples were analyzed under an inverted microscope (Nikon Eclipse 2000) using the method described in Utermö hl (1931) . The volume of the sedimentation chambers (10-25 mL) was chosen after reading the chlorophyll-fluorescence profiles at each station. If chlorophyll a (Chl a) values were higher than 15 mg L 21 , sedimentation columns of 10 mL were used to prevent the overlay of phytoplankton cells at the bottom of the chamber. Phytoplankton abundance was determined to species level when possible. Two transects were counted at 3400 magnification to include the smaller and more abundant species. To count larger, less abundant species (including Dinophysis spp.), 3-mL aliquots of the concentrated samples (factor: 1 : 20) were placed in sedimentation chambers, and the whole surface of the chamber was scanned at a magnification of 3100, so that the detection limit was 17 cell L 21 .
For the ultrastructural examination of diatom frustules, selected glutaraldehyde-preserved samples were treated with acid (70% nitric acid; Boyle et al. 1984) and examined under a Hitachi 700 transmission electron microscope (Hitachi Instruments).
Results
Meteorological and hydrographical conditions during the survey-Northerly winds (which favor upwelling) were predominant during the cruise, although there was a shift to southerly winds on 09 June. Northerly winds were strongest (Fig. 3) at the beginning of the cruise, with a mean velocity of 7.7 m s 21 and a maximum of 11.7 m s 21 over the period 31 May to 08 June. Toward the end of the cruise, winds became southerly, with a mean velocity of 3.07 m s 21 and a maximum of 7 m s 21 from 09 to 13 June.
Coupled to the northerly wind, hourly records indicated a daily sea-land breeze cycle between 31 May and 02 June, resulting in northwesterly (inshore) winds during daytime and northeasterly (offshore) winds during the evening and night. This pattern occurred at the beginning of the cruise due to stable atmospheric conditions and warm air temperatures (up to 25uC). In 2005, winter rainfall (January-March) was 30% below the long-term mean. Spring (April-May) rainfall was still 50% below average but followed the long-term trend.
Changes in seawater temperature and salinity at sta. 2 are shown in Fig. 5 . Upwelling, induced by northerly winds, persisted from the beginning of the cruise to 09 June, with a brief relaxation 02-03 June. CTD profiles (depth 40 m) showed water with the characteristics of the Eastern North Atlantic Central Water (ENACW; 35.67 , salinity , 35.83; 11.8uC , temperature , 13.5uC; Fiuza et al. 1998) in the ría at 5-10-m depth (07 June). After 09 June, downwelling occurred under weak southerly winds, followed by stronger southeasterly winds at the end of the survey. Seawater temperatures ranged from 18uC at the surface to 12uC near the bottom, but changes in salinity were extremely small (35.4-35.8). Thus, density gradients in the water column at this station were primarily due to differences in water temperature.
A vector plot from the bottom-mounted ADCP (Fig. 6 ) located in the center of the navigation channel (sta. 2) shows the main periods of inflow and outflow at all measured depths. Surface currents (0-4 m) were not reliably measured with the bottom-mounted ADCP. For the remainder of the water column, the following comments can be made. For the depths below 4 m, there was inflow at all depths from 31 May to 01 June. From 01 to 03 June, in response to relaxation of northwesterly winds, there was a period of outflow in the bottom layer and inflow above the thermocline. Two days later, when northwesterly winds increased, inflow again occurred throughout the water column until 09 June. At this time, there was a shift to southerly winds, with decreased (,3 m s 21 ) intensity, so that a strong outflow was evident near the seafloor, and inflow occurred closer to the surface. The progressive vector plot (Fig. 7) illustrates this twolayer behavior and emphasizes the vertical shear of the residual flow. The vertical shear of horizontal velocity was generally low (,0.003 s 21 ). Shear values up to 0.01 s 21 were recorded at the boundary between ENACW and subsurface waters during the cruise, and the maximum of 0.023 s 21 at 17 m occurred during the downwelling pulse at the end of the survey. Shear recorded in the 5-10-m depth range was generally higher than 0.025 s 21 .
Transects taken daily across the mouth of the ría with a ship-mounted ADCP (not shown) confirm that the mooring data were indicative of the water movements to the south of the ría during upwelling pulses. The main surface outflow during the upwelling period was observed in the northern part of the ría.
Nutrients and Chl a distributions-At 30 m, upwelled waters with the signature of ENACW contained high concentrations of inorganic nutrients (dissolved inorganic nitrogen, phosphates, and silicates; Fig. 8 ). Nutrient concentrations, especially silicates, were much lower in the Chl a maximum (7-10 m) and practically depleted in surface waters.
Discrete-depth water samples revealed an increase in phytoplankton biomass throughout the Ría between the 26.9 and 27.1 s t (potential density) isopycnals, i.e., at the boundary between ENACW and the mixed surface-water masses. Chl a estimates up to 25 mg L 21 in the pycnocline (27.0 s t ) were ,5 times higher than in the water above and below. The close relationship between the vertical gradient in s t and the Chl a maxima at different stations during the cruise (Fig. 9) suggests that a single, coherent TL was present throughout the area. The depth and thickness of the TL, which generally corresponded to the location of the 27 s t isopycnal, were spatially variable across the ría-thinner and shallower at the entrances to the Ría and less well defined at the innermost stations. This trend was most pronounced from 02 to 07 June, before the downwelling event (Fig. 3) .
At sta. 3 ( Fig. 10) (42u23.29N, 8u52 .69W), the intrusion of upwelled ENACW waters on 31 May enhanced the TL formation and raised the location of the 27 s t isopycnal and Chl a maximum to 7-8-m depth. On 06 June, the TL was eroded due to upwelling relaxation caused by lower mean velocities of northerly winds. The IPSAP profile at sta. 3 on that day showed a homogeneous distribution of Chl a within the water column. A new upwelling pulse promoted the re-formation of the TL located above ENACW bottom waters. This TL developed and persisted within the 27 s t isopycnal until it was vertically displaced and eroded by downwelling waters at the end of the cruise (13 June).
The same pattern was also observed within sta. 2 (Fig. 11) (42u27.79N, 8u50 .019W). The TL was always located between the 26.9 s t and 27.1 s t isopycnals, and it became narrower during the second upwelling pulse.
However, it was eroded and mixed on 08 June in the navigation channel stations, while it could still be observed (close to the bottom) at sta. 3 until 12 June.
Light availability within the TL varied from ,1% to almost 20% of the incident radiation during upwelling pulses. Lower light levels (,1-2%; 7.79 mmol photons m 22 s 21 ) were found at the innermost stations, where TLs were not well defined and phytoplankton within these thicker layers caused self-shading. Conversely, higher light levels (,10-18%; 180 mmol photons m 22 s 21 ) were found during the second upwelling pulse at the outermost stations where the TL was thinner and shallower. When the TL was displaced downward, light availability within it became progressively lower, until it was ,1% of the incident light (3203 mmol photons m 22 s 21 ) on 13 June.
Phytoplankton communities-Vertical net tows at each station and shipboard observations showed that diatoms were dominant throughout the water column at the beginning of the cruise (from 31 May to 09 June). The diatom community consisted of a mixture of medium-and large-sized species (e.g., Chaetoceros curvisetus, Chaetoceros didymus, Leptocylindrus danicus, Guinardia delicatula, and Pseudo-nitzschia spp.) as well as small Chaetoceros species (Chaetoceros socialis). Cell counts of preserved samples showed that C. socialis and Pseudo-nitzschia spp. (up to 1.5 3 10 6 cell L 21 ) were the numerically dominant species within the TL; other diatoms (Fig. 12) showed lower cell abundances (,5 3 10 5 cell L 21 ). Chaetoceros spp. together with Pseudo-nitzschia spp. made up more than 70% of the diatom population at all depths in all sampled stations.
Two species of Pseudo-nitzschia were identified by electron microscopy: Pseudo-nitzschia australis (Fig. 13) , a known domoic acid-producer in the Galician Rías (Míguez et al. 1996) , which occurred in free chains within the water column, and Pseudo-nitzschia cf. pseudodelicatissima (Fig. 14) , which occurred both in free chains and embedded as single cells or pairs within spherical colonies of C. socialis. Although fixatives and storage caused the disruption of these colonies, it was possible to observe this association in live samples onboard.
By the end of the cruise, after upwelling-favorable winds had ceased (09 June), dinoflagellates became dominant, and diatoms were displaced downward. The previous TL could be detected close to the bottom at several stations, and the phytoplankton community from this layer was mainly composed of empty frustules and decaying (broken, infested with bacteria and ciliates) colonies of C. socialis, Pseudo-nitzschia spp., and other diatoms. At the surface, the phytoplankton community was dominated by Prorocentrum micans, Ceratium spp., Protoperidinium spp., Gymnodinium spp., and D. acuminata. Table 1 and Fig. 15 show the distribution of D. acuminata abundance during the cruise. Patches of high cell abundance (5 3 10 3 cell L 21 ) were found randomly throughout the ría but never associated with the 27 s t isopycnal (10 m), where diatoms were dominant, except at one profile in sta. 2 (07 June) (see Table 1 ). Dinophysis acuminata was almost always aggregated in the warmer (15318uC) surface (036 m) waters, and the species maximum was associated with the diurnal thermocline. One isolated patch of 10 3 cells L 21 was found below the 27 s t isopycnal at 21-m depth in cold upwelled waters on 31 May (sta. 3). In this case, D. acuminata occurred within the ENACW nutrient-rich waters below the diatom TL at the pycnocline. From 31 May to 08 June, when the water column was highly stratified, high concentrations (.2.5 3 10 3 cell L 21 ) of D. acuminata were found in some, but not all, sampled stations. The highest abundance (9 3 10 3 cell L 21 ) occurred at 0-6-m depth, whereas concentrations within the pycnocline were always below 500 cell L 21 . Patches of the phototrophic ciliate Myrionecta rubra (5 Mesodinium rubrum), recently described as an optimum prey for D. acuminata in culture (Park et al. 2006) , were also found within the same depth range on 06-07 June at some profiles (data not shown). Myrionecta rubra was initially missed in live plankton concentrates because the ciliate cells easily burst when passed through meshes. Nevertheless, they were observed in the Lugol-fixed samples.
Distribution of D. acuminata-
On 13 June, when downwelling conditions caused piling of warmer shelf waters into the Ría, and disruption of stratification, D. acuminata reached its highest concentration (9 3 10 3 cell L 21 ) and spread throughout the whole ría. This species formed a continuous near-surface TL located in the warmer surface waters associated with the diurnal thermocline. Thus, D. acuminata was still most abundant in the surface layer and not associated with the diatom TL at the 27 s t isopycnal. Vertical distributions of cell concentrations over a 24-h cycle showed that D. acuminata was always restricted to the 0-5-m depth waters.
High-resolution (decimeter-scale) vertical distribution of Dinophysis spp.-On 09 June, the FSS was deployed across the depth ranges 0-3 and 8-11 m at sta. 3 (42u23.29N, 8u52.69W). Wind speeds were low (0.5 to 4 m s 21 ), providing optimal conditions for fine-scale sampling. A previous IPSAP profile showed a pycnocline at around 10 m and a TL (15 mg Chl a L 21 ) at the base of this pycnocline (Fig. 16A) . Vertical distributions of D. acuminata, P. micans, and Ceratium fusus are shown in Fig. 16B and Fig. 16C . Prorocentrum micans concentrations showed two maxima with up to 4500 cell L 21 in the uppermost layer close to the surface (0.2 and 0.8 m), but abundance dropped to less than 100 cell L 21 below 2 m. Dinophysis acuminata concentration in the upper layer was always .1000 cell L 21 , and its highest abundance was observed between 1.5 and 2.0 m, just below the P. micans maxima. In contrast, D. acuminata and P. micans abundances in the 8-11 m layer were considerably lower (,100 cell L 21 ), or below detection limits in the case of P. micans. Ceratium fusus was not detected in the upper layer, but its concentration increased to almost 3000 cell L 21 at 9 m, where it became the dominant dinoflagellate species. Other dinoflagellates, such as Ceratium furca, were also present in high numbers and co-occurred with diatoms at the TL located at the bottom of the pycnocline. 
Discussion
Thin layers of Pseudo-nitzschia spp. and other diatomsOur results show that northerly (upwelling-favorable) winds in Ría de Pontevedra promoted shoaling of the pycnocline and strengthening of density gradients in the water column following the introduction of cool, nutrient-rich ENACW waters into the ría. Pseudo-nitzschia spp. were closely associated with the pycnocline located at the boundary between the ENACW and the surface-water masses. The location of this layer at a depth that may represent a trade-off between sufficient light intensity and high nutrient concentrations would explain the diatom-abundance levels recorded. Unfortunately, it was not possible to calculate photosynthesis-irradiance (P-I) curves for Pseudo-nitzschia spp. because they were mixed with other diatom species during our survey. However, studies on Pseudo-nitzschia spp. in laboratory cultures (Bates 1998 , and reference therein) have shown that Pseudo-nitzschia spp. can achieve high division rates at irradiance levels above 90 mmol photons m 22 s 21 , a value one half of some observed within the TL (180 mmol photons m 22 s 21 ) at sta. 3 in Ría de Pontevedra. Passive accumulation of cells by sedimentation due to deceleration of sinking rate in the pycnocline (Gallager et al. 2004) , together with the highest vertical shear observed in the water column, may also have contributed to form and maintain this layer. The Chl a concentrations detected on this cruise with the high-resolution profiler are exceptionally high for the Galician Rías. Previous studies with conventional sampling methods in Ría de Vigo reported maximum values of Chl a around 8 mg L 21 (Nogueira et al. 1997) . Klausmeier and Litchman (2001) simulated the formation of TLs by motile phytoplankton cells under stratified conditions. They found that TLs are optimally located at depths where phytoplankton would be equally limited by nutrients and light, where the concentration of limiting nutrients is low and constant above the TL and linearly increases with depth below it. Increased supplies of nutrients would make the TL move closer to the surface and increase its biomass. The thickness of the TL would be determined by the degree of turbulence, so that very thin layers would be observed in small and poorly mixed systems. During our cruise and following both upwelling pulses (Figs. 10, 11) , the TL shoaled after the new addition of nutrients, giving a vertical structure in accordance with that of Klausmeier and Litchman's (2001) model (Fig. 8) . Further, the TL was thinner at sta. 3, where a combination of nutrient supply, steep density gradients, and increased light levels occurred, and thicker in the innermost parts of the ría (sta. 1), which were more affected by tidal mixing.
The effect of turbulence dissipation on a TL of coccolithophores in well-stratified waters of the western English Channel was discussed by Sharples et al. (2001) : turbulence enhanced phytoplankton growth by supplying nutrients from near-bottom waters but reduced phytoplankton concentration at the base of the TL by mixing its cells into bottom waters. In our study, the upper part of the TL was more defined than the lower part (Figs. 10, 11) . Once downwelling events started, the TL was displaced showing that Chaetoceros spp., and Pseudo-nitzschia spp. were the dominant species. Dinophysis acuminata is shown in the top axis (note differences in absolute values). downward. Increased turbulence due to tidal forcing may have caused the TL erosion in the innermost parts of the ría, whereas in the deeper, outermost stations, less affected by tides, the TL could still be observed at the end of the cruise. Stacey et al. (2007) discussed the effects of turbulent dissipation combined with three TL-convergence mechanisms: straining (vertical shear of the horizontal current), motility, and buoyancy. These authors concluded that layer thickness and maintenance in stratified systems were enhanced by reduction of turbulent diffusion. Whilst motility and buoyancy could maintain a TL indefinitely, straining processes tended to disperse already formed TLs by increasing turbulent diffusion.
The TL of Pseudo-nitzschia spp. located at the s t 5 27 isopycnal in Ría de Pontevedra developed and persisted during upwelling and relaxation and was displaced toward the bottom during downwelling. Therefore, the nearbottom layer of Pseudo-nitzschia spp. found on 13 June resulted from physical displacement rather than sinking of a senescent population. This study clearly shows a coupling between physical processes (upwelling) leading to increased nutrient levels, strengthening of the pycnocline, and reduction in vertical mixing, and the biological development of dense TLs of Pseudo-nitzschia spp. and C. socialis, and the subsequent, displacement of this ''toxic mat'' to the bottom during downwelling in the Galician Rías Baixas. In a similar way, Rines et al. (2002) described near-surface TLs of Pseudo-nitzschia spp. located around the s t 5 29.8 isopycnal in the San Juan Islands, U.S.A. In that study, near-bottom layers, still associated with the s t 5 29.8 isopycnal, were found after a river plume covered the study area. In this study, TLs were displaced by downwelling pulses, whereas in that of Rines et al. (2002) , the TL was displaced by a river plume. Although they are two different scenarios, in both cases, lower-density water masses caused the displacement of the TL and promoted similar results. Nevertheless, density gradients in the rías during this (2005) exceptionally dry spring, were driven by changes in temperature, whereas those in the San Juan Islands (Rines et al. 2002) were mainly driven by changes in salinity and were much more pronounced.
Aggregates of C. socialis colonies with P. pseudodelicatissima embedded in them have been reported before. Fryxell et al. (1997) described passively formed aggregates of the two species. In contrast, Rines et al. (2002) suggested that these two genera may actively live in close association with each other because C. socialis colonies provide a competitive advantage by offering a sheltered microenvironment to Pseudo-nitzschia spp. within the water column (Bates and Trainer 2006) .
Thin layers of Dinophysis acuminata and other dinoflagellates-Previous observations (Blanco et al. 1998; Tilstone et al. 2000) have supported the view that strong upwelling pulses in the Galician Rías Baixas disperse dinoflagellate populations offshore. However, this study shows that substantial numbers (.10 3 cell L 21 ) of D. acuminata persisted in Ría de Pontevedra throughout an upwelling-downwelling cycle. This species, which in 2005 produced closures of mussel harvesting in the area in early March (INTECMAR, www.intecmar.org), exhibited a patchy distribution during the first 12 d of the cruise. Thus, Dinophysis spp. were not dispersed but aggregated in nearsurface patches that were located in the top 6 m and associated with the diurnal thermocline. During relaxation, and in association with downwelling pulses, Dinophysis spp. appeared in high numbers (.2 3 10 3 cell L 21 ) and spread throughout the ría.
A common assumption is that dinoflagellates in general and Dinophysis spp. in particular (Maestrini 1998 , and references therein), grow better in stratified environments. Further, Moita and Sampayo (1993) described putative cysts in a population of Dinophysis caudata and Dinophysis tripos in a convergence area. These authors suggested that cysts had been formed as a response to the stress caused by the downward flow of the water in the convergence area. The occurrence of high numbers of Dinophysis spp. in the Galician Rías has been associated with two different scenarios: in situ growth favored by periods of stratification between moderate upwelling pulses, and downwelling events that promote accumulation of large dinoflagellates, including Dinophysis spp., particularly at the end of the upwelling season .
In our cruise, estimates of the intrinsic division rate (m) of D. acuminata by the mitotic index approach (Reguera et al. 2003) (Gonzá lez-Gil et al. unpubl.) . Therefore, downwelling pulses, at least those of the magnitude measured during this cruise, did not seem to inhibit D. acuminata division. The observed numerical increase would have resulted from both in situ division and physically driven accumulation, which selects for motile dinoflagellates under downwelling conditions (Fraga et al. 1988) . Aggregation around a density gradient, with or without significant in situ division, may produce the frequent observations of Dinophysis maxima in stratified waters. A recent 24-h study of an autumn bloom of D. acuta in Ría de Pontevedra (Pizarro et al. 2008) showed that even in the case of a decaying population, with a division rate of almost zero, Dinophysis cells aggregated in a maximum around a shallow halocline.
The presence of D. acuminata at 21-m depth in the northern mouth of the ría on 31 May (sta. 3) deserves special attention. Given that high cell abundances of D. acuminata were always recorded at the surface after this date, this deeper-water D. acuminata population, transported into the rías by inflowing water may have acted as an inoculum and migrated from the upwelled waters into warmer subsurface waters to rebuild the preexisting population. A similar mechanism could explain the presence of the only D. acuminata cell maximum observed within the Chl a maximum at sta. 2 during the second upwelling pulse on 07 June. In a 10-yr time series study in the same ría, Pazos et al. (unpubl.) established a relation between late initiation of D. acuminata populations and the lack of spring upwelling events. A similar mechanism was described by Townsend et al. (2001) for the transport of Alexandrium spp. cells by the Eastern Maine Coastal Current from offshore waters into the Gulf of Maine. Thus, upwelling pulses can represent a pathway through which recurrent D. acuminata populations, which wax and wane over the upwelling season (March-October) in the Galician Rías Baixas, are entrained from the adjacent shelf.
Although D. acuminata was not observed to perform diel vertical migration (DVM) during the present survey, DVM of D. acuminata, from about 10 m at night to 5 m at midday, has been reported in the Galician Rías (Villarino et al. 1995; Reguera et al. 2003) . Nevertheless, a seasonal trend in the vertical distribution of the population, from early growth starting in deeper water to late stages aggregating near the surface, has been described for D. acuminata in the Rías (Escalera et al. 2006) . Variations in the vertical distribution of the cell maxima for mixotrophic Dinophysis spp. could be attributed to different feeding behavior during different phases of the population. It was surprising that during this study, D. acuminata cell maxima were located in the top 5 m, where inorganic nutrients were depleted, high light intensities could produce photosynthesis inhibition, and where wind-forced surface currents were strongest. A change in cell appearance was observed-a progression from small nonvacuolated cells to highly vacuolated, large cells (Gonzá lez-Gil et al. unpubl.) , possibly related to feeding on patches of M. rubra, which were also found in the surface waters. It may therefore be heterotrophic feeding, and the distribution of its specific prey (M. rubra), that caused D. acuminata to be located in the upper layers at this phase of the population growth.
High-resolution vertical distribution of Dinophysis spp.-Dinophysis acuminata and P. micans have often been cited as companion species (Kat 1979; Peperzak et al. 1996 , and references therein). In fact, the dominance of P. micans coinciding with D. acuminata blooms and subsequent diarrhetic shellfish poisoning (DSP) events in Dutch coastal waters led to the historic misidentification of P. micans as the causative agent of these toxic outbreaks in the 1970s (Kat 1979) . Samples collected with the FSS sampler show that both dinoflagellate species were in the surface layer, but their cell maxima were physically separated (at 0.2 m and 1.5 m, respectively). Thus, vertical fine scale sampling, at least in this particular case at this profile, showed a decimeter-scale segregation of P. micans and D. acuminata in the water column, where each species occupied a different niche within the vertical gradients of light and nutrients.
Implications for monitoring of potentially toxic phytoplankton and shellfish uptake of toxins-During this survey, sampling of the water column with a high-resolution profiler allowed the detection of high concentrations of phytoplankton in the pycnocline, 2-3 times higher than maximum values ever reported in the rías with conventional sampling methods (Nogueira et al. 1997) . It also allowed us to track patches of D. acuminata near the surface that easily escaped monitoring observations. The establishment of steep pycnoclines after upwelling pulses and the formation of TLs of Pseudo-nitzschia spp. and other diatoms suggest that pycnoclines may act as retention areas for these populations. Pseudo-nitzschia spp. have been reported before to form TLs associated with density gradients. Sullivan et al. (2005) described TLs of Pseudonitzschia spp. in Monterey Bay (California, U.S.A.) that persisted in the pycnocline for over one week. In the same area, Ryan et al. (2005) showed a subsurface layer of Pseudonitzschia spp. that had significantly variable thickness and boundaries along the sampled stations but that closely followed the pycnocline distribution in the bay. Rines et al. (2002) also described the development and posterior displacement of TLs of Pseudo-nitzschia spp. associated with density gradients in San Juan Islands (Washington, U.S.A.). In this study, they also observed two different TLs of Pseudonitzschia spp. in the water column, both associated with water masses characterized by different density signatures.
Results from different experiments with cultures have shown a higher toxin content per cell in the stationary phase of Pseudo-nitzschia spp. (Bates 1998) . During the present survey, the observation of empty thecae and broken cells of Pseudo-nitzschia spp., which were present in the ría from early April (INTECMAR, www.intecmar.org), suggests that we were dealing with a decaying population, possibly with a high cellular content of domoic acid. The rapid descent of this ''toxic mat'' of Pseudo-nitzschia spp. following downwelling would explain a quite common event in the Galician Rías: the detection of domoic acid above regulatory levels in benthic shellfish resources earlier than in raft mussels, and its persistence in these wild shellfish banks long after it disappearance in mussels (Arévalo et al. 2001) . Since downwelling of surface waters is a common feature in the Galician Rías Baixas during the upwelling season (March to October), dense bottom layers of toxic Pseudo-nitzschia populations represent a recurrent but predictable phenomenon associated with seasonal upwelling-downwelling cycles. In fact, shellfish harvesting in different areas of Ría de Pontevedra was prohibited during the two weeks of the cruise due the occurrence of both ASP and DSP toxins in shellfish above regulatory levels. At the end of the cruise, ASP toxins were virtually undetectable in mussels held on raft lines, but they were still found in benthic resources.
In waters off Seattle, Washington State (U.S.A. coast), Trainer et al. (2002) observed that transport of Pseudonitzschia spp. in the Juan de Fuca Eddy to the coast was associated with a quick rise of domoic acid content in shellfish above regulatory levels. These authors proposed that Pseudo-nitzschia spp. populations in nearshore waters generally did not reach high cell-toxin quotas and therefore did not lead to shellfish contamination with domoic acid. In contrast, populations from the Juan de Fuca Eddy, which acted as a retention area or incubator, matured and reached high cell-toxin quotas. In a similar way, the downwelling event could have pushed mature populations of Pseudo-nitzschia with high cell-toxin quota down to the seabed of the ría.
Subsurface TLs of Pseudo-nitzschia may be inadequately sampled or even missed by routine monitoring programs that rely either on integrated water-column samples collected by hoses, or on oceanographic-bottle samples taken at specific depth intervals. Tracking near-surface Dinophysis patches can be an even more uncertain task. Routine weekly sampling by the Galician monitoring center showed very low cell numbers (120 cell L 21 ) or even below detection levels of D. acuminata until 13 June, despite continuous detection of concentrations above 10 3 cell L 21 during the cruise. Therefore, hose-samplers, while effective for detection of harmful algae species throughout the water column, are not reliable for detection of TLs of toxic microalgae and may partly explain frequent bad correlations observed between cell numbers and toxin content in shellfish.
